Introduction {#Sec1}
============

The number of cancer survivors continues to increase globally and this can be attributed to improved forms of treatment and enhanced rates of cancer screening \[[@CR1]--[@CR3]\]. After successfully completing treatment and when they feel healthy enough, some of these cancer survivors might plan to become parents themselves \[[@CR4]\]. Existing evidence suggests that cancer survivors might have a lower fertility due to the side effects from cytotoxic drugs, radiation, surgery, and the disease itself, which can be temporary or permanent \[[@CR5], [@CR6]\]. For women, the reproductive organs, including the ovaries and the uterus, were found to be impaired by radiotherapy and chemotherapy; for men, the hypothalamic-pituitary-testicular axis might be affected \[[@CR5]--[@CR7]\].

Thus, it is plausible that parental cancer treatments might affect the health of their offspring. Available evidence suggests that cancer survivors, who are successful in becoming pregnant, might experience a range of adverse pregnancy outcomes, such as spontaneous abortion, chromosomal abnormalities, congenital malformations, preterm birth, stillbirth, and neonatal death \[[@CR3], [@CR8]--[@CR13]\]. However, it is still largely unknown whether the children of cancer survivors might experience adverse health outcomes when they are growing up. Such knowledge is highly needed in order to guide clinical management of offspring of cancer survivors and to inform cancer survivors, who plan to become parents, of the potential health outcomes in their future offspring. This is especially pertinent in the era of continuously increased childbirths in cancer survivors \[[@CR3]\]. In the current study, we hypothesized that the offspring of cancer survivors might experience an increased risk of clinically recognizable disease while growing up which could be measured by hospitalization rates. Until now, only one study has explored whether the risk of hospitalization in childhood might be different among offspring of cancer survivors and the general population \[[@CR10]\]. The number of childbirths among cancer survivors quadrupled between the 1970s and 2010s in Sweden \[[@CR3]\]. By accessing a range of Swedish national databases, we aimed to explore whether children of cancer survivors might have an increased probability of being admitted to hospital and to explore whether the association was modified by cancer sites and age at cancer diagnosis in the parents as well as which diseases that were mostly diagnosed in these children as compared to the general population.

Material and methods {#Sec2}
====================

Study population {#Sec3}
----------------

The Ethics Committee of Lund University, Sweden, approved this study. Using the Swedish Cancer Register, we identified all patients diagnosed with cancer between 1958 and 2015; this register is maintained by the National Board of Health and Welfare \[[@CR14]\] and covers approximately 90% of the whole country. Clinicians, pathologists, and cytologists in Sweden must report all newly diagnosed cases of cancer to the Swedish Cancer Registry. To record cancer diagnosis during the study period, we used the seventh version of the International Classification of Diseases (ICD) code.

In order to identify children of cancer survivors who were born between 1997 and 2015, we further linked to the Swedish Medical Birth Register. Since 1997, the 10th International Classification of Diseases has been used. In addition, we excluded all childbirths born within 1 year after parental cancer diagnosis in order to ensure that the child was conceived after his or her parents' cancer diagnosis. Established in 1973, The Swedish Medical Birth Register is maintained by the National Board of Health and Welfare \[[@CR15], [@CR16]\] and contains information about maternal age at childbirth, height, pre-pregnancy weight, family situation (cohabiting or not cohabiting with the father-to-be), smoking habits in early pregnancy, and maternal diseases during pregnancy \[[@CR17]\]. In this study, we excluded non-singleton pregnancies. In total, there were 6074 children identified from female cancer survivors. Up to 10 childbirths, whose mother was not diagnosed with cancer, were matched with the children of female cancer survivors according to year of birth, gender, year of birth of the parents, as well as highest education level and country of birth of the parents. Furthermore, we also identified 6441 children whose fathers were survivors of cancer and matched them with 51,512 controls.

In order to identify subsequent hospitalization after the delivery, we further linked the study population to the Swedish Hospital Discharge Register. This register was created by the National Board of Health and Welfare in 1964 and since 1987, it has included complete nationwide data and contains hospital discharge records for all individuals residing in Sweden. The Swedish Hospital Discharge Register has nearly 90% overall validity \[[@CR18]\]. Since 1997, the primary cause of a hospitalization was listed in the discharge report and classified according to the 10th ICD codes into 24 different categories.

In addition, we further linked these children to the Cause of Death Register to identify date of death as well as the cause of death, and to the Emigration Registry to identify date of emigration. We used the individual national identification numbers to perform linkages. The ID numbers were replaced with serial numbers in order to preserve anonymity.

Study outcomes and statistical analysis {#Sec4}
---------------------------------------

The primary outcome was hospitalization rate, which was calculated as the total number of hospitalizations divided by the total person-years of follow-up. It should be noted that individuals might have several hospital visits during the follow-up period, and all of them contribute to cumulative hospitalization rate. We calculated person-years at risk for our study population from the date of birth to the earliest of death, emigration, or the end of the study period (December 31, 2016). Hospitalization rate was stratified by the anatomical sites of cancer in the mothers or fathers. The relative risk of hospitalization was calculated as the ratio of hospitalization rate in the study population divided by the hospitalization rate in the matched controls. To account for multiple comparisons, 99% confidence interval was used in this study. Given that cancer treatment at different ages might have different impacts on the germ cell and in vitro fertilization might play a role for the association \[[@CR19]\], we further stratified the analyses by age at diagnosis of parental cancer and year at diagnosis. In vitro fertilization was first adopted in 1982 and it was used very rarely before 1990 in Sweden \[[@CR19]\]. We performed all analyses using SAS version 9.2 (SAS Institute, Cary, NC, USA).

Results {#Sec5}
=======

In total, there were 6074 children born after their mothers were diagnosed with cancer and 6441 children born after their fathers were diagnosed with cancer (Table [1](#Tab1){ref-type="table"}). A total of 1322 offspring were delivered after maternal cancer diagnosis of melanoma, which accounted for 21.7% of all offspring. A total of 1777 (27.6%) offspring were delivered after paternal cancer diagnosis with testicular cancer.Table 1Characteristics of offspring of cancer survivors and their matched controlsCharacteristicsFemale cancer survivorMale cancer survivorStudy cohortsMatched controlsStudy cohortsMatched controls*N*Person-year*N*Person-year*N*Person-year*N*Person-yearCancer site in parentsOverall607461,16951,512517,924644164,37854,875546,716Colon3363492287429,9782402630200521,892Breast3122992243323,644Cervical3173014263825,067Ovary2152262186319,902Testis177717,6438408865Kidney107113792593591531397128411,725Melanoma132213,58511,373115,7368178319684469,572Nervous system7617717647266,1868769001758377,333Thyroid gland4985322408143,1161591544136212,905Endocrine glands3343365281828,5512142202176317,602Bone111118092496561481600130214,356Connective tissue1611566138313,4231831754160315,534Non-Hodgkin lymphoma2322154199018,7513843784326631,723Hodgkin lymphoma5205001446242,8885174942437542,531Leukemia3863566331530,4954033812344132,612Other4624816396141,1454634589380138,054\< 1990128915,9319758117,683145817,64111,425134,8931990--1999241328,35218,209209,394258829,93720,656235,5892000+237216,88623,545190,847239516,80022,794176,234Year of birth of the offspring\< 2001106318,4158678150,070109118,9589046157,3622001--2005165921,24814,348184,088175522,52215,062193,0492006--2010209116,53517,879141,921217317,22418,707148,2262011+1261497110,60741,8351422567412,06048,079

In Table [2](#Tab2){ref-type="table"}, we present the relative risk of hospitalization in offspring of female and male cancer survivors as compared to matched controls. After 61,169 person-years of follow-up, a total of 4197 hospitalizations were found thus giving a hospitalization rate of 6.86 per 100 person-years. Compared to 51,515 matched controls, the relative risk of hospitalization was 1.15 (99% CI 1.10--1.20). For specific cancer sites in mothers, a significantly increased risk was noted when mothers were diagnosed with rectal (relative risk (RR) = 3.51), cervical (RR = 1.89), bladder (RR = 1.88), eye (RR = 3.10), nervous system (RR = 1.19), thyroid gland tumors (RR = 1.15), and with non-Hodgkin lymphoma (RR = 1.27). A total of 6441 children were delivered after their fathers were diagnosed with cancer. A total of 4477 hospitalizations were found during 64,378 person-years of follow-up thus yielding a hospitalization rate of 6.95 per 100 person-years. Compared to 54,875 matched controls, the relative risk of hospitalization was 1.16 (99% CI 1.11--1.21). For specific cancer sites in fathers, a significantly increased risk was noted when fathers were diagnosed with nose (RR = 14.42), breast (RR = 16.84), testicular (RR = 1.24), eye (RR = 4.15), kidney (RR = 1.42), and thyroid gland tumors (RR = 1.31), and with non-Hodgkin lymphoma (RR = 1.25).Table 2Relative risk of hospitalization rate in offspring of male and female cancer survivorsSite of cancerFemale cancer survivorMale cancer survivorRR99% CIRR99% CIOverall*1.15*1.101.20*1.16*1.111.21Upper aerodigestive tract0.770.511.150.840.561.26Salivary gland0.570.311.030.700.271.81Stomach0.520.083.431.050.422.63Small intestine1.180.245.730.410.111.52Colon1.140.951.370.830.651.06Rectum*3.51*1.607.740.650.321.29Anus0.500.038.95Liver1.130.502.580.320.052.07Pancreas1.810.457.3610.000.76131.97Nose0.830.0612.22*14.42*9.2622.44Lung0.720.431.231.250.742.10Breast1.020.831.25*16.84*8.4633.51Prostate2.520.689.33Testis*1.24*1.151.34Other male genital0.300.061.37Cervical*1.89*1.632.20Endometrium0.500.083.24Uterus0.870.521.45Ovary1.240.991.55Other female genital1.630.892.96Kidney1.070.781.48*1.42*1.101.84Bladder*1.88*1.063.340.530.350.80Melanoma1.040.941.141.080.961.21Skin0.930.591.470.960.691.34Eye*3.10*2.443.95*4.15*3.385.09Nervous system*1.19*1.061.330.970.861.09Thyroid gland*1.15*0.991.33*1.31*1.011.71Endocrine glands1.030.851.250.960.771.21Bone0.980.701.380.820.601.11Connective tissue0.790.581.081.060.831.37Non-Hodgkin lymphoma*1.27*1.031.55*1.25*1.061.48Hodgkin lymphoma1.090.931.271.000.861.17Myeloma0.670.0410.17Leukemia1.030.871.231.100.931.31Italics type: 99%CI does not include 1.00

As shown in Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}, we further stratified the analyses by age at diagnosis of parental cancer. The overall relative risk was relatively consistent. However, the association was stronger among female cancer survivors who were diagnosed with cancer at over 30 years of age (RR = 1.23, 99% CI = 1.13--1.35) and among male cancer survivors who were diagnosed with cancer under 15 years of age (RR = 1.30, 99% CI = 1.18--1.45). We further stratified the analyses by year at diagnosis of parental cancer in Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. The association became weaker after 1990 and was no longer significant after 2000 among the offspring of male cancer survivors, but the association was relatively consistent among the offspring of female cancer survivors.Fig. 1Hospitalization rate in offspring of female cancer survivors stratified by age at diagnosisFig. 2Hospitalization rate in offspring of male cancer survivors stratified by age at diagnosisFig. 3Hospitalization rate in offspring of female cancer survivors stratified by year at diagnosis of cancerFig. 4Hospitalization rate in offspring of male cancer survivors stratified by year at diagnosis of cancer

In Table [3](#Tab3){ref-type="table"}, we present the rate of hospitalization due to various diseases in offspring of cancer survivors. Besides an increased risk of hospitalization due to malignant neoplasms (RR = 1.86), and benign neoplasms (RR = 1.48) in the children, a marginally increased risk was found for hospitalization due to infectious and parasitic disease (RR = 1.09), diseases of the blood and blood-forming organs and certain disorders involving the immune mechanisms (RR = 1.33), and diseases of the circulatory system (RR = 1.05). A total of 19 families were diagnosed with retinoblastoma, which might be related to hereditary cancer syndromes. After exclusion of these families, the overall RR of hospitalization was 1.13 (95% CI 1.10--1.15). In addition, the RR for malignant neoplasms in the offspring was 1.37 (95% CI 1.23--1.52). We have also explored the number of bed days in hospitals for each admission with the aim to test whether surveillance bias is present. The mean bed days were 4.67 (SE = 0.12) in offspring of cancer survivors, which was significantly higher as compared to the matched controls of 4.27 (SE = 0.05); this suggests that surveillance bias might play a small role for the observed association.Table 3Hospitalization due to various diseases in offspring of cancer survivorsDiseaseStudy cohortsMatched controlsRR99% CINo. of hospitalizationRateNo. of hospitalizationRateInfectious and parasitic disease6940.5553980.511.090.981.21Malignant neoplasms5450.4424830.23*1.86*1.652.10Benign neoplasms880.075030.05*1.48*1.102.00Diseases of the blood and blood-forming organs and certain disorders involving the immune mechanism840.075350.051.330.981.80Endocrine, nutritional and metabolic diseases1760.1415950.150.940.761.15Mental and behavioral disorders760.066480.060.990.731.36Diseases of the nervous system2370.1919880.191.010.851.21Diseases of the eye and adnexa1520.1210990.101.170.941.47Diseases of the ear and mastoid process570.056040.060.800.561.14Diseases of the circulatory system16211.3013,1271.241.050.981.12Diseases of the respiratory system3780.3031640.301.010.881.17Diseases of the digestive system1100.098760.081.060.821.38Diseases of the skin and subcutaneous tissue1590.1311660.111.160.931.44Diseases of the musculoskeletal system and connective tissue2850.2322730.211.060.901.25Congenital malformations, deformations and chromosomal abnormalities6160.4949470.471.060.951.18Symptoms, signs and abnormal clinical and laboratory findings, not elsewhere classified6170.4949130.461.060.951.19Injury, poisoning and certain other consequences of external causes1790.1413550.131.120.911.38Others25012.0016,6741.57*1.27*1.201.34

Discussion {#Sec6}
==========

In this population-based study, which is to our knowledge the largest study on this topic, we found that children of cancer survivors experienced a significantly higher hospitalization rate due to various diseases. We also found that, irrespective of maternal or paternal cancer survivors, the increased risk of hospitalization was largely consistent. However, the relative risk of hospitalization was stronger when mothers were diagnosed with adult cancer and when fathers were diagnosed with childhood cancer.

When interpreting the current findings, it is important to factor in a few strengths and limitations. The present study has a number of strengths, which include its nationwide coverage and the diagnosis of patients by specialists in a country of high medical standards. The population-based approach allowed a complete identification of cancer survivors, as well as their children born after their diagnosis of cancer. Our study is free of recall bias as we used registry-based data, as opposed to self-reported data. However, it should be noted that only around 12,000 children were identified from parental cancer survivors even from this nationwide study that uses data with complete coverage of the whole of Sweden. We thus have limited study power to stratify the observed findings by anatomic site or other characteristics of the parental cancer. It is highly necessary to implement international collaborations going forward to increase the power of identifying the true association and to exclude chance findings. One limitation of this study is that some risk factors, which might be associated with hospitalization due to various diseases, were not available in our databases; this may partly confound our observations. However, we matched the study population with controls by date of birth and gender, and limited the study population for children born after 1997. The maximum age of the study population was less than 20 years old at the end of the study; thus, some common behavioral risk factors such as cigarette smoking and alcohol drinking might be less prevalent in the study population \[[@CR20], [@CR21]\]. A lack of accurate assessment of treatment information was another limitation. It should be noted that children of cancer survivors might experience an increased hospitalization rate due to surveillance bias, i.e., parents that are cancer survivors might be more concerned about their children's health status than other parents. However, we found that the number of bed days in hospitals among offspring of cancer survivors was significantly higher as compared to the matched controls, which suggests that surveillance bias might play a small role for the observed association.

It is well-known that patients with cancer who received various treatments have a risk of developing various long-term side effects, and the long-term side effects might depend on the treatments that patients have received as well as the area of the body exposed to the treatments \[[@CR22]--[@CR24]\] Available evidence suggests that an increased incidence of adverse pregnancy outcomes was noted, such as preterm birth and low birth weight, which was strongly related to long-term growth damage and morbidity \[[@CR3], [@CR13], [@CR25]--[@CR29]\]. Our study provides evidence that children of cancer survivors have an increased rate of hospitalization as compared to the general population.

Existing evidence suggests that, exposure to cancer treatment might affect the health of the offspring not only through DNA mutation but also through epigenetic modifications, due to the direct effect from damage of the ovaries or testis, or indirect effects from injury of the hypothalamic-pituitary-gonadal axis \[[@CR11], [@CR12], [@CR30]--[@CR32]\]. Growing evidence from recent experimental animal-based studies indicates that epi-mutation encoded in sperm or oocytes are heritable and may affect offspring phenotypes \[[@CR33], [@CR34]\]. The germ cells can develop various epi-mutations when exposed to environmental toxicants or stress during spermatogenesis or ovogenesis; this might affect gene expression although it does not affect the actual base pair sequence of DNA. As a common epigenetic mechanism, DNA methylation regions in the sperm of patients with childhood osteosarcoma, which were exposed to chemotherapy, showed a significant difference as compared to male patients without the same exposure \[[@CR35]\]. Furthermore, even 10 years after the exposure, the difference remained significant. Based on these findings, it is reasonable to infer that chemotherapy exposure can promote epigenetic alterations that persist later in life, and such exposure has the potential to promote epigenetic inheritance to the next generation.

Although the increased overall risk of hospitalization was largely consistent among the offspring of female or male cancer survivors, a stronger association was found among the offspring of maternal adult cancer survivors and paternal childhood cancer survivors. Female childhood cancer patients might suffer from permanent ovarian failure, leading to non-fertility \[[@CR7]\]. For those who are able to give birth, the ovarian reserve among younger females is more robust than that of older women due to greater complement of primordial follicles; it is thus reasonable that younger female cancer survivors are more resistant to damage to the ovaries from chemicals and radiation \[[@CR36]--[@CR39]\]. Cancer treatments to male patients might affect the hypothalamic-pituitary-testicular axis. Radiation of testicular, crania or total body and orchiectomy, and gonadotoxic chemicals tend to affect spermatogenesis, sperm function and cause hypoandrogenism \[[@CR39]--[@CR41]\]. Pubertal status was suggested to be associated with gonadotoxicity caused by radiation, which means that the reproductive system in males before puberty might be more sensitive to radiation than when treated after puberty \[[@CR39], [@CR41]\].

It is known that common cancers have familial aggregation \[[@CR42]--[@CR45]\], which might explain that children of cancer survivors have an increased rate of hospitalization due to cancer. Besides cancer, a marginally increased rate of hospitalization due to infectious diseases or diseases due to immune deficiency was noted in children of cancer survivors; this suggests that children of cancer survivors might be associated with an abnormal immune function. A previous study found that cancer survivors had a high incidence of various autoimmune diseases \[[@CR46]\], suggesting immune functions in these cancer survivors has changed because of various treatments. One possible reason that might explain the inconsistent results between the present and the Danish study is that our study aimed to look at the cumulative hospitalization rate, which meant that one individual might have more than one hospitalization during the follow-up period. However, the Danish study examined only the incidence of hospitalization, and the follow-up will be stopped after the first hospitalization. By removing possible hereditary cancer syndromes, the relative risk of cancer (RR = 1.38) was largely consistent with the published data from the Nordic Cancer Registries (SIR = 1.3), suggesting that the study outcomes were relatively reliable in this population-based cohort study.

Conclusion {#Sec7}
==========

In summary, the present study shows that the hospitalization rates in children of cancer survivors are significantly higher as compared to the general population. These findings supported our hypothesis that offspring of cancer survivors might experience an increased risk of clinically recognizable disease when they grow up. However, the underlying mechanisms need to be explored further.
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